Abstract This review focuses on dendritic cells and immunotherapy as they relate to allergic fungal rhinosinusitis (AFRS). A comprehensive review using PubMed was performed and articles were reviewed and selected for inclusion based on applicability to our topic of interest and quality of data. Many questions remain unanswered in regards to the management and etiology of AFRS. Much of our current care is driven by small studies and global extrapolation is not possible. Dendritic cells represent an intriguing option for a target cell in the abnormal immune response that is seen with AFRS. Immunotherapy may also play a prominent role in the adjuvant therapy for AFRS but strong data is lacking. AFRS is a challenge to treat and close surveillance as well as consideration of the patient's symptoms, both separate from and combined with clinical or radiographic findings, may be the most valuable medicine we have at present.
Introduction
Allergic fungal rhinosinusitis (AFRS) is a subtype of chronic rhinosinusitis (CRS) and has traditionally been considered the most difficult grouping of sinusitis to treat secondary to its recalcitrant nature. Little is known about the pathophysiology of AFRS. The epidemiologic data on AFRS is scant with its prevalence between 7-9 % of patients with CRS who undergo sinus surgery in the United States [1, 2] . Regardless of its actual number, AFRS represents a small percentage of total surgical sinus disease but often require extensive and time consuming surgical procedures to remove the eosinophilic mucin that characterize the disease. A geographic pattern of distribution focused in the southern United States and the Mississippi Basin is observed [3] . The patients are typically young adults with lower socioeconomic backgrounds and tend to be African American [4] . Interestingly, AFRS patients tend to be less bothered by their symptoms resulting in delayed presentations and recurrences. This may in part also contribute to the significant distortion of the bony paranasal sinus anatomy frequently seen in AFRS and staging systems have been created to classify this further [5] . The pathophysiology of AFRS remains unclear. It is suspected that an unidentified trigger leads to an abnormal immune response. Therefore, removing the disease burden eliciting the immune response with surgery and multimodality treatment aimed at immunomodulation are the cornerstones for disease control. It has been hypothesized that immunotherapy (IT) could alleviate inflammation through similar mechanisms to other more commonly treated allergens. It is clear that a Type I hypersensitivity to fungal elements is present in AFRS, yet this does not imply that fungi are the causative agent responsible for the disease. Furthermore, surgical elimination or antifungal drug therapy aimed at complete removal of all fungus are not sustainable and, thus, does not necessarily guarantee disease resolution. Studies have shown benefit with IT but its role remains unclear as a foundation of disease treatment.
The exact immunologic dysfunction responsible for AFRS is under investigation. Dendritic cells have garnered recent study because they play a significant role in a number of human respiratory diseases including allergic rhinitis and asthma [6, 7] . Dendritic cells are primary antigen-presenting cells involved in interactions with T cells leading to the proliferation of either T helper 1 (Th1) or T helper 2 (Th2) cell types [8] . The CRS without NP displays elevated levels of Th1 and Th2 cytokines while CRS with NP is more Th2 driven [9] . The AFRS also displays a Th2 skewed phenotype [10] . If a fundamental understanding of the interplay between dendritic cells and the subsequent immune response could be understood in AFRS, it may allow for improved disease control.
Pathophysiology of Disease
Allergic fungal rhinosinusitis was first recognized by Millar et al. [11] who reported histopathologic similarities between materials obtained from the maxillary sinuses and pathologically diagnosed specimens of allergic bronchopulmonary aspergillosis (ABPA). In 1994, Bent and Kuhn [12] described five criteria for the diagnosis of AFRS: 1. type 1 hypersensitivity by history, skin testing, or serology, 2. nasal polyposis, 3. characteristic CT findings of heterogeneous areas of signal intensity within the sinus cavities, 4. eosinophilic mucous, and 5. positive fungal stain of mucin or from the tissue removed during surgery without fungal invasion. In addition there were six associated criteria: asthma, unilateral predominance, radiographic bone erosion, fungal culture, Charcot-Leyden crystals, and serum eosinophilia.
There remains significant controversy regarding the diagnostic criteria which is driven by differences in philosophy on the role of fungus in the inflammatory response. Kuhn and Swain [13] do note that AFRS has a prolonged time course with possibly years transpiring between disease onset and criteria fulfillment. In addition, the immunological changes may be located within the mucosa of the sinuses and not be a systemic finding. In other words, total serum IgE may not reflect local IgE production. Addressing that point, Chang and Fang [14] demonstrated that 85.7 % of patients with AFRS had tissue IgE specific to Aspergillus. None of their patients had positive serum IgE response to Aspergillus. It may be possible they failed to detect other kinds of fungal IgE due to their limited species testing.
In addition, the role of fungus as the causative agent in AFRS has been questioned. A study in 210 patients with CRS (with or without polyps) demonstrated positive fungal cultures in 96 % (202/210) [15] . They also noted that IgE mediated hypersensitivity to fungal allergens in their AFRS patients was 42 % for skin testing and 30 % for RAST. They also found that fewer than 33 % of patients diagnosed with AFRS had elevated IgE levels. This study raised the question that if 96 % of CRS patients have positive fungal cultures, as well as 100 % of their 14 healthy controls, why do some people develop a profound eosinophilic response? The answer may be at the cellular level.
It has been proposed that ARFS could be driven by T cell superantigen production and an excellent review of that literature was written by Schubert [16] . Supporting that theory was work done by Ferguson et al. [17] where previously diagnosed eosinophilic chronic rhinosinusitis (ECRS) patients had their pathology re-reviewed in a prospective fashion (55 specimens from 34 patients). Their results demonstrated that bacteria were present in 62 % of their specimens and fungus in 40 %. The 77 % of fungal colonization was associated with bacteria. They concluded that this could potentially support bacteria as the source of superantigen.
Further complicating our understanding of AFRS is whether it represents a distinct entity or is part of a spectrum of eosinophilic disease. In 2000 a study was published that clarified this ambiguity [18] . A literature review was performed of 431 AFRS patients and 69 patients with eosinophilic mucin rhinosinusitis (EMRS). Among many notable findings, AFS patients compared to EMRS patients were less likely to have asthma (41 vs 93 %), be aspirin sensitive (13 vs 54 %), and were more likely to have allergic rhinitis (84 vs 63 %). Total IgE was significantly more elevated in AFS patients.
To further determine the inflammatory response of noninvasive fungal sinusitis, Carney et al. [10] performed infundibular mucosal tissue harvested from patients with AFRS, non-allergic eosinophilic fungal sinusitis (NEFS), CRS, and normal controls. They determined that mast cell, eosinophil, and IgE cell numbers were significantly raised in patients with AFRS, NEFS, and CRS when compared with controls. There was no significant difference between cell numbers in patients with AFRS and NEFS. They determined that AFRS has an immunologic response indicative of a Th2 cascade.
The MUSC group has explored the role of dendritic cells in the immune response of AFRS. Dendritic cells are professional antigen presenting cells which are capable of inciting a Th1 or Th2 response. To determine if there was a link between local dendritic cells population and CRS with NP, CRS without NP, and AFRS, Ayers et al. [19] performed immunohistochemical staining for dendritic cells within the mucosa of each CRS subtype and found that AFRS and CRS with NP had increased numbers of dendritic cells as compared to controls. No difference in the number of dendritic cells or levels of dendritic cell chemoattractants was seen between controls and CRS without NP or AFRS and CRS with NP. They postulate that this increase in dendritic cell number may represent a possible mechanism why the Th2 profile is noted in both CRS with NP and AFRS.
Similarly the relationship of dendritic cells and vitamin D 3 (VD 3 ) is currently under investigation. The VD 3 can block monocyte to dendritic cell differentiation and maturation, thereby diminishing dendritic cell's ability to subsequently stimulate T cell Th1/Th2 differentiation [20] . Additionally VD 3 has characteristics that are molecularly similar to corticosteroids, a frequently utilized treatment strategy in AFRS. The AFRS and VD 3 deficiency is more prevalent in African Americans who are noted to have more severe bone erosion [4, 21] . A retrospective analysis of VD 3 levels in patients with AFRS CRS with NP, CRS without polyps and controls demonstrated that both CRS with NP and AFRS were associated with insufficient levels of VD 3 [22] . The VD 3 levels were inversely correlated with circulating numbers of mature DCs, DC regulatory factors, and bone erosion. In contrast, CRS without nasal polyps displayed increased circulating macrophages. The VD 3 deficiency was associated with more severe bone erosion. A similar study was performed in the pediatric population [23] . Examining pediatric patients with AFRS, CRS with NP, CRS without NP and controls, no difference in mean VD 3 levels between control and CRS without NP was seen, whereas mean CRS with NP and AFRS levels were both low. The relationship between low VD 3 levels and decreased levels of dendritic cells in the sinus mucosa remained consistent with the adult population.
While the current studies on dendritic cells and VD 3 in AFRS and CRS with NP are suggestive, they remain observational and correlative at present. Correction of the VD 3 levels have yet to be shown to reduce the inflammation associated with AFRS.
Treatment
Allergic fungal sinusitis is a disease for which optimal treatment remains unclear. Treatment has traditionally consisted of both surgical and medical therapy. Although the need for complete surgical removal is unlikely to change in the near future, the interplay between surgery and pre or post-operative medical therapy is likely to advance greatly as more studies uncover the mechanism behind this disease's tenacity. The surgical goal should be complete removal of all eosinophilic mucin and re-establishment of drainage pathways. As with other inflammatory sinus surgery, mucosal preservation should be the ultimate goal. Failure to remove all disease will lead to poor outcomes [24] . Assuming complete surgical removal of disease, postoperative medical care and surveillance is critical.
Corticosteroids
Most studies have focused on oral corticosteroids to decrease disease recurrence in AFRS. It has been suggested that preoperative steroids with oral antibiotics may decrease polyp burden and treat post-obstructive bacterial rhinosinusitis [25, 26] . However, this is certainly not uniformly employed and there is not sufficient evidence to support this recommendation. Ikram et al. [27] Twenty-four patients diagnosed with AFRS underwent sinus surgery and were randomized to receive either oral steroid (N = 12) or placebo (N = 12) after surgery. All patients were also administered itraconazole and steroid nasal spray in the postoperative period. Their results demonstrated statistically significant subjective and objective improvement of patients with AFRS treated with steroids and that steroids are also effective in preventing early recurrence.
Unfortunately oral steroids are not a panacea. An excellent review on this topic can be found through UpToDate [29 • ]. Generally speaking, the lowest dose and shortest duration of oral steroids are best to avoid complications from those medications. Benefits must be weighed against patient symptoms and their tolerance for side effects. In contrast, topical corticosteroids are generally accepted as a standard therapy in the postoperative treatment of AFRS when the sinuses are widely patent allowing for penetration of the spray to the exposed mucosa. The side effect profile is minimal. Unfortunately, there are no studies demonstrating the benefit of topical nasal steroids in AFRS and the data is extrapolated from studies of CRS with NP [30] .
The goal of IT is to decrease symptoms associated with allergic rhinitis. This is accomplished through complicated mechanisms that are not completely elucidated. The IT is accompanied by increases in allergic-specific IgG (particularly IgG4) which block IgE dependent histamine release and also IgE mediated presentation to T-cells [31] . In addition, it modifies mucosal Th2 responses in favor of Th1 [31] . Further specifics in regards to cytokine production are beyond the scope of this text but are active topics of current research.
All patients are constantly being exposed to aerosolized fungal allergens. Noble et al. [32] found that fungi recovered from air samples from patients' residences included the same species isolated from the mucin of its inhabitants meaning there is essentially constant exposure to antigen. In this context IT would be a reasonable extension of care to abate and regulate the immune and inflammatory response.
Mabry and colleagues [33] [34] [35] [36] [37] have the largest experience in the current literature with IT and AFRS. Beginning in 1994, a study group of AFRS were initiated on fungal IT following surgical intervention and prospectively followed. Initially theoretical concerns for safety limited their cohort to nine patients on fungal IT alone with the introduction of nonfungal antigens after repeat RAST testing at 6 months [33] . After demonstrating safety, all antigen IT was started at the onset. After 1 year (4-12 months range with 8.6 month average) they noted decreased crusting and allergic mucin and decreased need for topical and systemic steroids. Most importantly they noted no deleterious effects from the IT. The study was expanded to 2-and 3-year follow-up [34, 35] . At the 2-year follow they had a total of ten patients of which two underwent revision ESS. At 3 years they had 11 patients who had at least 1 year of IT with a mean of 28 months. Again they note positive results in regards to decrease need for oral steroids as well as decreased recurrence rates of AFRS. The authors admit that lack of a placebo group is a shortcoming of the studies as well as differences in use of topical steroids but ultimately this study did demonstrate safety of IT with fungal antigens in this group of patients with AFRS.
The group later published on 22 AFRS patients with similar treatment only differing in whether they received IT [36] . After a mean of 33 months of treatment their results demonstrated significant improvement in patient outcome both subjectively and objectively for those undergoing IT. The IT was also shown to reduce reliance on systemic and topical nasal steroid therapy to control disease. This study reinforced their previous positive findings in regards to IT.
In 2000, they published on outcomes after discontinuing IT for AFRS [37] . Eight patients who had received at least 3 years (range 36-52 months-mean 40 months) of IT who had been off IT for 7-17 months (mean 13 months) were evaluated. They noted that none of the patients had evidence of recurrent disease.
Greenhaw et al. [38] later performed a study with 14 patients with AFRS compared to 14 controls to determine the safety of high-dose subcutaneous fungal IT in patients with allergic fungal sinusitis. Their data demonstrated that subcutaneous high dose fungal IT in patients with AFRS is unlikely to cause adverse reactions other than those occurring with pollen IT.
A concise review of IT for AFRS was written by Hall and DeShazo [39 • ]. They note that IT should be considered as part of treatment for AFRS, but given the small number of patients in the current body of literature, controlled studies are critical to clarify the role of IT.
Outcomes
Recurrence rates of AFRS are highly variable. Multiple factors may play a role including the variability in surgical technique which often is not addressed and post-operative use of oral steroids, topical steroids, and/or IT. In addition, patients may often have endoscopic evidence of mucosal relapses without significant symptoms. As part of routine surveillance, many physicians use the mucosal staging system developed by Kuferberg et al. [40] which classifies mucosa as; stage 0: no mucosal edema or allergic mucin, stage I: mucosal edema with or without allergic mucin, stage II: polypoid edema with or without allergic mucin, and stage III: sinus polyps with allergic mucin.
The longest follow up to date was conducted by Marple et al. [41] . They reviewed 17 patients with follow up ranging from 46-138 months (mean 82 months) at UT Southwestern. All patients in their study met the AFRS criteria set forth by Kuhn. They note 76 % of patients with normal mucosa or mild edema (stage 0-1) with 6 % demonstrating recurrence at their latest follow up. Their patients received systemic steroids, nasal steroids, IT (N = 10) and antibiotics as needed. There was no difference between the two groups in regards to outcomes with and without IT. Average number of operations for their cohort was 2.
Ultimately several conclusions can be drawn. At centers that treat AFRS frequently, clinical disease control can be achieved in about 75 % of patients with long term follow up. Unfortunately, extrapolation beyond this study is limited. This disease is seen by numerous physicians across the country and even the diagnostic criteria remain heterogeneous. Only until pooled data can be obtained from multiple centers with standardized diagnosis and treatment algorithms can the true recurrence rate be known. In addition, how is success defined: radiographic, endoscopic evaluation or quality of life? These three endpoint measures may yield entirely different findings. If a patient's chief complaint on presentation was hyposmia or nasal obstruction and those symptoms were alleviated by surgery are they a treatment failure if they have higher stage mucosal inflammation? Ultimately, complete resolution of symptoms and a normal appearing endo-nasal exam may be the end point. However a balance between the benefits and side effects of therapy must be considered and thought must be given about how much adjuvant therapy patients need without significant symptoms.
Conclusions
Many questions remain unanswered with AFRS. What are the specific immunologic differences that drive the disease process and are they unique from other forms of sinusitis such as eosinophilic rhinosinusitis? What is the role for fungus in this disease? How does unilateral disease occur? While the current standard of endoscopic sinus surgery for clearance of the eosinophilic mucin followed by control of inflammation can be efficacious, further study in the pathophysiology and subsequent treatment of AFRS is needed. Dendritic cells may represent one target cell. The IT may also play a prominent role in the adjuvant therapy for AFRS. No evidence based recommendation can be provided given the small studies available at present. Nevertheless, AFRS is a challenge to treat and close surveillance as well as consideration of the patient's symptoms, both separate from and combined with clinical or radiographic findings, may be the most valuable medicine we have.
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